In this paper, the response of closed-cell aluminum foam sandwich structures under low velocity impact of an ogival-ended mild steel projectile was studied. An analytical model was proposed to predict the penetration depth as well as residual velocity based on the dynamic cavity expansion theory and the Poncelet resistance formula using in the closed-cell aluminum foam sandwich panel. A high-pressure air gun was employed to execute penetration depth tests. Two tests had been done and the results were measured, those are, the residual velocity of the first layer (aluminum plate) and the penetration depth of the sandwich panel. Simultaneously, the finite element analysis software LS-DYNA was utilized for describing the penetrating process of steel projectiles normal impact. It was found that both residual velocity and penetration depth showed nonlinear variation against impact velocity, also the analytical results showed acceptable deviation with those from tests and FEM simulations during specific impact velocities.
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Introduction
As the rapid development of materials science, it is possible to make materials used in aerial crafts to meet the requirements of light weight, high strength, high stiffness and superior impact resistance. Therefore, the composite material, alloy material, aluminum honeycomb and aluminum foam sandwich structures have been widely used in satellites, aerospace, and defense industries as structural parts or protection panels for example. In flight environments, the aerial crafts have to face the threats of a variety of foreign objects. First of all, the exterior fuselage structure was subjected to high velocity projectiles strike such as the components of crumbling aerial turbine engines and other high velocity fragments sources. Second, the interior cabin was impacted by the small scale explosive shock. The aluminum foam sandwich structures have not only the advantages of classical sandwich such as high structural strength and stiffness against the unknown objects impact, but also possess broad and stable plateau stress zone characteristics for bearing shock load. Therefore, it is worth Pc_52 carrying out a research of impact resistance of aluminum foam sandwich structures.
A number of researchers have investigated about the impact response of aluminum foam sandwich structures for aerospace applications and a superior review paper was presented by Takeda et al. 1) . Schwingel et al. 2) conducted experimental and numerical investigations on aluminum foam sandwich structures for space applications. They showed that the test results were compared with the numerical predictions by FEM and obtained a good agreement. Hazizan and cantwell 3) based on the energy dissipation during the impact process to develop a simple energy-balance model for foam-based sandwich structures, particularly useful been applied in the partition energy. They also founded that the shear fracture and buckling failures were occurred in core layer and composite face sheet, respectively. McCormack and co-workers 4) proposed that the five failure modes: face sheet yield, face sheet wrinkling, core layer yield, indentation and delamination took place in sandwich panels with metallic foam core under impact loading conditions. Chen et al. 5) and Smith et al. 6) found the alike results. Furthermore, the use of a metallic foam material as the sandwich core material has been shown to improve the protective capability, structural strength and damage resistance of aerospace sandwich structures 7) .
According hypervelocity impact tests results of foam core sandwich panel structures, Ryan et al. 8) founded that the foam panel could provided better impact resistance than honeycomb core sandwich panels at the strike velocities of 0~15 km/s. Lambert et al. 9) conducted hypervelocity impact experiments of composite face sheet sandwich panels and found that the sandwich panels supply well impact resistance than the monolithic structures with the same thickness face sheets. Schonberg 10) conducted the perforation tests of the composite material inner walls in multi-wall structure to simulate the aerospace structural systems subjected to hypervelocity projectile impact. Test results indicated that the composite material inner walls have well impact resistance performance than the traditional all aluminum structures. Tan and his colleagues 11, 12) studied foam materials under dynamic compression conditions, such as Split-Hopkinson Pressure Bar (SHPB) and direct impact. They explored the plastic collapse strength of form materials of various cell sizes under significant changes in compression ratios. Li et al. 13) combined shock enhancement theory and the Poncelet resistance formula to investigate the penetration depth associated with the porous materials by a flat-ended projectile impacting at a low velocity of 20~120 m/s under a rigid perfectly-plastic locking (R-P-P-L) idealization model assumption. Zhang et al. 14) based on dynamic cavity expansion theory proposed an analytical model to predict the penetration depth of a cone-ended projectile normal impact aluminum foam plate.
Further considerations were also made regarding the impact of relevant shear stress of aluminum foam pores on projectiles. However, when studying the problem of projectile penetration depth in a target plate, not only the characteristics of the target plate material but also the shape of the projectile require considered. Forrestal et al. [15] [16] [17] integrated cavity expansion theory with the shape of a projectile with corrected parameters, by assuming that the radial stress due to cavity expansion is equal to the stress resistance on the head of projectile. Thus, the penetration depths of different shape projectiles can be predicted and applied to a variety of concrete and metal materials.
This investigation presents an analytical model to study the dynamic response of closed-cell aluminum foam sandwich structures subject to impact loading. The penetration depth and residual velocity of projectile predicted by proposed method show well agreement with the experimental results. The proposed methodology is useful and efficient can be applicable to design the protection of closed-cell aluminum foam sandwich structures.
Theoretical Background
Aluminum foam is an anisotropic material with a unique structure. Therefore, to predict its penetration depth by a projectile is a highly complex engineering problem with large variability. When front and rear aluminum plates are added to form a sandwiched structure, the complex are even increased. As presented in Fig.1 , the sandwich structure is integral construction consisting of face sheets (First and third layers) made of aluminum plate and core material (Second layer) made of closed-cell aluminum foam.
This study chiefly introduces an analytical model for use in a sandwich plate capable of predicting the residual velocity V 1 of an ogival-ended projectile after it has penetrated the first layer of an aluminum plate. This residual velocity V 1 is then regarded as the initial velocity V i of the ogival-ended projectile, as it continues to penetrate the second layer of the aluminum foam sandwich structure. A calculation, verified by experiments and numerical simulation, provides the depth of penetration into the second layer of the aluminum foam sandwich structure by the ogival-ended projectile. The flow chart of research procedure is as shown in Fig. 2 . 
Penetration modeling
Cavity expansion theory has been widely used in research on engineering problems, such as target plate penetration by rigid projectiles. The theory is mainly based on spherical or cylindrical cavity expansion processes, which assume that the radial stress of the cavity expansion σ r is equal to the normal stress resistance σ n suffered by a projectile during the penetration process. It thus obtains the relationship between the cavity expansion velocity and the stress resistance of the projectile.
As in the aforementioned assumption that σ r (radial stress) equal to σ n (normal stress resistance suffered by the projectile), a cavity expansion model was obtained after curve fitting the result generated from the experiment on the penetration of a 6061-T6 aluminum plate by hemispherical-ended projectile, as proposed by Forrestal 18) . It was then simplified into the Poncelet resistance, such that the normal stress resistance suffered by the projectile is:
where A and B are constants related to the characteristics of the target material. The E, υ, ρ t , and Y are elastic modulus, Poisson ratio, density, and yield strength of the target material, respectively. N 1 and N 2 are the relevant shape coefficient related to the projectile shape. The outward expansion speed at the contact point between the nose of the rigid projectile and target plate interface is equal to the cavity expansion velocity V, which along with the axial velocity V z (depth direction), satisfied the following relationship:
(5) θ is the angle between the curvature radius and axial direction, As shown in Fig. 3 .
Eq. (1) and Newton's second law of motion are used to derive the axial resistance suffered by the projectile during penetration of the target plate, which is express as:
where M and z are the projectile mass and depth, respectively. Thus, the axial resistance suffered by the projectile is expressed as:
where d is the projectile diameter. The shape coefficient of the projectile used in this study is as follows: N * is the shape factor of the projectile, which is mainly based on the curve equation representing shape characteristic of the head section of the projectile, and is a significant parameter obtained from the head surface integral. The parameter describes the change in stress resistance suffered by the projectile at its curved head surface during target plate penetration.
In accordance to 19, 20) in literature, the relevant shape factor of the projectile is expressed in the following equation:
where h denotes the length of the projectile nose measured from the top to the bottom, and y = y(z) is the curve function for the shape of the projectile. Apply N * to various expressions in the ogival-ended projectile calculation equation, as follows:
where ψ , θ 0 , μ m , and s are the CRH, angle between projectile nose and axial direction, dynamic friction coefficient, and curvature radius of projectile, respectively. However, ψ denotes the geometry constant for the ogival-ended projectile and hemispherical-ended projectile, which can be used to clearly define the relationship between the curvature radius and the projectile diameter. As shown in Fig. 3 . 
Residual velocity model
Regarding the depth of the sandwich structure penetration problem, a solution of the residual velocity V 1 of the projectile after penetrating the first layer of the sandwich structure must first be obtained. This residual velocity V 1 is then used as the Penetration depths initial velocity of the projectile penetrating the second layer of the sandwich structure, for calculating the penetration depth of the projectile through the second layer of the sandwich structure. Forrestal et al. 22) suggested that, during the course of high-speed impact, the projectile forms a crater akin to a cone shape on the surface of a target plate composed of brittle material. The depth of this crater is approximately twice the size of the projectile diameter d. The width at the bottom of the crater matches the projectile diameter. The depth was separately defined as the crater area (0 < z < 2d) and tunnel area (2d < z < p), where z and p are denoted as the depth as the measure from the surface of the target plate and the final total penetration depth, respectively. Therefore, according to the study by Forrestal 22) , by assuming that after penetrating the first layer of the target plate, the residual velocity V 1 of the moving ogival-ended projectile is:
which is simplified to :
where V 0 is initial impact velocity of penetrating the first layer, H is thickness of the first layer, Y 1 is yield strength of the first layer material, and ρ 1 is density of the first layer material.
Penetration depth model
As indicated in relevant literature [23] [24] [25] [26] [27] , when a projectile penetrates a aluminum foam porous material, it was assumed that the stress-strain curve conforms to the R-P-P-L idealization model that includes uniform distribution of stress, density, and particle velocity at the back of the shockwave front, which defines the equivalent plateau stress σpl and the densification strain ε D . When considering the process of porous material suffering projectile penetration, the physical effects of tensile fracture, even fracture failure caused by high velocity impact between projectile and porous material, created a tearing energy. Such a dynamic resistance force can be expressed as:
F R is the dynamic resistance force suffered by the projectile, Γ is the tearing energy per unit area, ε D is the densification strain, and ρ 0 is the material density of aluminum foam before being crushed. In Eq. (17), the first item on the right side is related to the characteristic of inherent material strength, and can be viewed as the static resistance force of the target plate material.
The second item is related to the impact velocity of the projectile, which is the dynamic resistance force generated by the impact velocity. During low velocity of projectile, the effect of static resistance force of the first item is more significant. However, as the velocity increases, the dynamic resistance force of the second item gradually becomes dominant.
The 
The dynamic initial condition of the projectile during the penetration process can be expressed as:
where P and V i are the penetration depth and initial impact velocity of the projectile, respectively. Eq. (20) can also be written as:
When the residual velocity is expressed as Vr = 0, it means that the projectile has penetrated into the target plate and has completely ceased its activity. The depth P denotes the final penetration depth. Thus, substituting Vr = 0 into Eq. (23) helps obtain the expression for the maximum penetration depth.
Substitute the residual velocity V 1 of the projectile after penetrating the first layer plate, which is calculated from Eq. (15), into V i of Eq. (24) , to obtain the P value representing penetration depth of the second layer plate.
Numerical Analysis
A numerical study was performed using hydrodynamic finite code LS-DYNA program, which is an explicit finite element code that is dedicated to analyzing dynamic problems associated with large deformation, ballistic penetration and wave propagation, among others. The LS-DYNA finite element code provided three formulae to describe the elements movement, there were Lagrangian, Eulerian, and ALE (Arbitrary Lagrangian Eulerian), and is suitable for analyzing activities with physical behaviors of short duration, large deformation, and nonlinear, such as problems of high-velocity impact and explosion that need fast and accurate solutions.
This work employs the nonlinear finite element code LS-DYNA to simulation the dynamic response of aluminum foam sandwich structures subject high-velocity normal impact. The numerical model of foam aluminum sandwich structure penetrated by an ogival-ended projectile was shown in Fig. 4 . A quarter of the target plate area to construct the model, to save termination time for the solver. Regarding grid division, only the impact contact area at the center of the target plate was considered. Therefore, meshing from inside-out was accomplished using the dense to sparse method. In this work, the dynamic material model "Plastic-Kinematic" and "Elastic-Plastic Hydrodynamics" models were adopted to for the projectile and aluminum plate, respectively. The "Honeycomb Model" was used for aluminum foam sandwich structure as the foam material to describe the anisotropic material property. True stress -strain curve had to be entered into the "Honeycomb Model" material in order to reflect the true mechanical properties of the aluminum foam material during high impact loading. All parameters required by these models can be evaluated by performing an uniaxial compression test. An equation of state (EOS) was adopted to conduct the volumetric stress and strain associated with the shock responses to high-velocity impact.
In this work, the Mie-Gruneisen equation of state was adopted in conjunction with the "Elastic-Plastic Hydrodynamics" models. Attention to the equation of state is significant because when the pressure was not large during the static state condition, only the material constitutive model was necessary to be defined while the equation of state was not required. However, when the pressure imposed on the material was large enough to cause a large deformation of the projectile and target plate, even to the extent of producing the phenomenon of fluid, the equation of state under high temperature and pressure must be incorporated to calculate the violent reaction of this high-speed collision.
In finite element codes, the two major descriptions of material movement are the Lagrange and the Euler descriptions. In the Lagrange description, the numerical mesh distorts with the movement of the material, while for Euler description, the numerical mesh is fixed in space, and the material moves in the elements. Penetration analysis using the Lagrange description generally has the advantage of using fewer meshes and providing straightforward results. In this work, Lagrange meshes for both the projectile and the target were adopted, and the erosion algorithm was applied to solve the excessive element distortion problem and model the fracturing of the projectile and the target. 
Material and Test
Aluminum foam is a type of material possessing a unique structure. In a quasi-static compression condition, the stress-strain curve of this material shows three corresponding relationship stages: elastic stage, plastic crush stage, and densification stage. The stress-strain curve of closed-cell aluminum foam compression behavior is shown in Fig. 5 . 1.Elastic stage: aluminum foam subjected to compressive stress produced elastic deformation. The maximum value of stress before the end of this stage is called the maximum elastic stress, and its corresponding strain is called the elastic termination strain. 2.Plastic Crush Stage: the continuous stress imposed on the aluminum foam produces plastic deformation until crush damage occurs. The amount of change in stress value was small, but the amount of strain value could increase significantly. This stress value is called the plateau stress σpl. This stage is called the plateau stage. 3.Densification stage: constant compressive deformation of the aluminum foam gradually forced it to become densification, which led to a rapid increase of the stress value while the corresponding strain value changed little. This study used ALPORAS closed-cell aluminum foam, the majority of which is accounted for by aluminum, with 1.5 % Ca added as a thickening agent, and 1.6 % TiH2 added as a blowing agent. The aluminum foam was created using a direct foaming technique under 680 � 29, 30) . ALPORAS closed-cell aluminum foam has an average cell size of 4~6 mm, a density of approximately 0.27 g/cm³, a relative density of approximately 10 %, and a porosity rate of 90 %. The size of each cut piece is 150×150 mm², with a thickness of 30 mm. Firstly, the thickness of the aluminum foam sandwich structure of the target plate was assumed thick enough that the velocity of ogival-ended projectile produced by high-pressure air gun was not able to fully penetrate. The speed of the ogival-ended projectile can reach a maximum speed of 340 m/s. The purpose of this experiment is to measure the penetration depth of the aluminum foam sandwich structure subjected to ogival-ended projectile impact in various velocities. After each shoot, every layer of the sandwich structure was separated to measure the final penetration depth of aluminum foam core layer, as shown in Fig. 6 . The following sections describe the penetration testing procedure: 1.High-pressure air gun equipment used high-pressure nitrogen as the source for the firing power of the projectile. 2.The mild steel ogival-ended projectile was 20 mm long with a diameter of 7.4 mm, the mass and the CRH were 5g and 3, respectively. The nitrogen cylinder pressure accumulator of the air gun was adjusted to control the initial impact velocity of the projectile, with a maximum speed limited to approximately 340 m/s. 3.The overall dimension of the aluminum foam sandwich structure was 150×150×96 mm, the interior of sandwich panel had three layers of aluminum foam plate, and the 6061-T6 aluminum plates which were cut in 150×150×3 mm size are used as the front and back plates for the sandwich structure that is fixed on the fixing frame. The high-pressure air gun test set was shown in Fig. 7 . Fig. 8 shows the comparison between the impact velocity of the projectile and the residual velocity of penetrating the single layer aluminum plate. Based on the analysis results derived from analytical calculation, experiments, and simulations, the difference between the analytical and experimental impact velocities of the projectile was slightly small at low velocity, at roughly 22 m/s. However, as the impact velocity gradually increased, the difference between the analytical and experimental value was sustained at 51 m/s, which did not increase further, and presented as a fixed trend extension. The trends between the simulation result and experimental value were extremely close, with the aluminum plate viewed as an isotropic homogeneous material. Therefore, the residual velocity of the projectile after penetrating the aluminum plate showed a linearly increasing trend as the impact velocity was increased.
Results and Discussion
The profile of perforated the sandwich plate at strike velocity 325 m/s was given in Fig. 9 . As seen, the projectile forms a tunnel in the aluminum foam core layer after it has perforated the aluminum plate. From this figure, it can be observed that the tunnel was rather rough and irregular, about 1.5~2.5 times wider than the diameter of projectile. Furthermore, the failure mechanisms were occurred under the impact loading conditions, such as fracture of the aluminum plate and indentation, crushing and densification in the aluminum foam cell organizations. These failure mechanisms not only decrease the kinetic energy of projectile but also developed an energy absorbing characteristics for further penetration. By highly deformed, the failure mechanisms of aluminum foam structures, shown in Fig. 10 , offered superior energy absorption. Fig. 11 shows the comparison between the impact velocity of the ogival-ended projectile and the penetration depth at the aluminum foam core layer. Results from analysis and experiments showed that the difference between the analytical and experimental values of the projectile traveling at low velocity is large. With the impact velocity increase, the analytical value displayed a quadratic polynomial trend gradually closing in on the experimental value. However, aluminum foam materials, because of the different sizes and uneven distribution of pores, are widely considered non-homogeneous anisotropic materials. Then, the results of experimental on penetration depth of the aluminum foam core layer have shown such discrepancies. As already stated, it was found that the deeper the penetration depth of projectile is, the more compression and densification effects of the aluminum foam cells occur during the penetration process. 
Conclusion
In this work, an aluminum foam sandwich structure subjected to ogival-ended projectile normal impact was investigated by analytically, experimentally and numerically. Analytical work was based on the dynamic cavity expansion theory and the Poncelet resistance formula to predicting the residual velocity and the penetration depth of projectile impact by various striking velocities. Two important factors, dynamic friction and tearing energy of the porous material, affecting the process of projectile penetrating sandwich plate were considered. When the contact surfaces between the projectile and the target are rougher, and the strength of tearing resistance of the porous material is more powerful, the effect of the two on overall penetration depth is even more significant. The analytical results showed reasonable deviation with those from tests and simulation during specified impact velocities.
The profile of perforated target plate and the failure mechanisms of aluminum form were also investigated in this study. Both the residual velocity and penetration depth showed nonlinear variation against impact velocity.
The model derived applied on evaluation and analysis of penetration performance of single layer aluminum material and a sandwich structure comprising two different materials, which can be further applied on the investigation of aerospace craft and other facilities suffering different objects impact.
